Axillary meristem (AM) formation is an important determinant of plant architecture. In rice (Oryza sativa), LAX PANICLE1 (LAX1) function is required for the generation of AM throughout the plant's lifespan. Here, we show a close relationship between AM initiation and leaf development; specifically, the plastochron 4 (P4) stage of leaf development is crucial for the proliferation of meristematic cells. Coincident with this, LAX1 expression starts in the axils of leaves at P4 stage. LAX1 mRNA accumulates in two to three layers of cells in the boundary region between the initiating AM and the shoot apical meristem. In lax1 mutants, the proliferation of meristematic cells is initiated but fails to progress into the formation of AM. The difference in sites of LAX1 mRNA expression and its action suggests non-cell-autonomous characteristics of LAX1 function. We found that LAX1 protein is trafficked to AM in a stage-and direction-specific manner. Furthermore, we present evidence that LAX1 protein movement is required for the full function of LAX1. Thus, we propose that LAX1 protein accumulates transiently in the initiating AM at P4 stage by a strict regulation of mRNA expression and a subsequent control of protein trafficking. This two-step regulation is crucial to the establishment of the new AM.
INTRODUCTION
The complex architecture of plants is mainly controlled by the patterns of axis formation. In higher plants, the primary apicalbasal axis is established when a shoot apical meristem (SAM) and a root apical meristem are formed during embryogenesis. Starting from this simple bipolar organization, a complex body plan is developed over the lifetime of the plant. The complexity of aerial architecture is created by the repeated generation of new growth axes (McSteen and Leyser, 2005; Schmitz and Theres, 2005) . During postembryonic growth, secondary axes of growth are formed as shoot branches. The shoot branches originate from axillary meristems (AMs) that are produced in the axil of the leaves. In vegetative growth, the AMs subsequently produce a few leaf primordia and grow to become axillary buds. Axillary buds are subjected to another level of regulation, becoming dormant or continuing growth, depending on internal and external cues. Therefore, the pattern of vegetative shoot branching is determined not only by the regulation of AM initiation but also by the regulation of bud outgrowth. AMs are also generated in the axils of leaves or bracts in reproductive development and develop into inflorescent branches or flowers. Generation of AMs and determination of their identity are important factors for the establishment of the inflorescence structure.
A number of mutants that exhibit defects in AM formation have been described for several plant species. They are classified into two types according to the characteristics of their phenotypes.
One class of mutants, comprising pinhead, revoluta, and cupshaped cotyledone3 (cuc3), exhibits defects in AM formation in addition to other abnormalities, such as defects in SAM formation during embryogenesis, establishment of leaf polarity, and vascular formation (McConnell and Barton, 1995; Talbert et al., 1995; Otsuga et al., 2001; Raman et al., 2008) . Therefore, the defective genes in these mutants are probably involved in mechanisms that control general aspects of meristem initiation or function unless AM formation is affected as a secondary consequence of these mutations. The other class of mutants, comprising Arabidopsis thaliana lateral suppressor (las) and regulator of axillary meristem (rax) mutants, tomato (Solanum lycopersicum) lateral suppressor (ls) and blind (bl), maize (Zea mays) barren stalk1 (ba1), and rice (Oryza sativa) monoculm1 (moc1) and lax panicle1 (lax1) show AM-specific defects (Schumacher et al., 1999; Komatsu et al., 2001 Komatsu et al., , 2003 Ritter et al., 2002; Schmitz et al., 2002; Greb et al., 2003; Li et al., 2003; Keller et al., 2006; Mü ller et al., 2006) . These AM-specific mutants can be further divided into two classes: either the mutant shows developmental specific defects or all AMs are affected regardless of the plant's developmental stage. In ls and las mutants, defects are mainly observed in the vegetative phase. By contrast, bl, ba1, and moc1 exhibit suppression of all types of AM. The molecular basis for this developmental stage-specific regulation of AM formation remains to be elucidated.
Cloning of the genes that are defective in the AM mutants has been reported. LS, LAS, and MOC1 are orthologous genes encoding transcriptional regulators of the GRAS family (Schumacher et al., 1999; Greb et al., 2003; Li et al., 2003) . BL and RAX are also orthologous genes that encode R2R3-type Myb transcription factors (Schmitz et al., 2002; Keller et al., 2006; Mü ller et al., 2006) . This shows that AM formation may be regulated by a conserved mechanism in different plant species, including monocots and eudicots. Rice LAX1 and maize ba1 are orthologs and encode basic helix-loop-helix (bHLH) transcription factors (Komatsu et al., 2003; Gallavotti et al., 2004) . Although sequence similarity between LAX1 and ba1 is very high, their cognate orthologs have not been found in eudicots, including Arabidopsis. Thus, monocot-specific regulation also operates in the formation of AM. This might reflect the different ways AMs differentiate in different species.
In rice, AMs that arise during the vegetative phase develop as branch shoots called tillers (Hoshikawa, 1989) . Upon transition to the reproductive phase, the SAM of each tiller is transformed into an inflorescence meristem and differentiates into an inflorescence, called a panicle. Each inflorescence meristem produces several AMs that develop into rachis branches, and the AMs generated subsequently develop into the next order of rachis branches or lateral spikelets depending upon the time and position of their occurrence. In lax1 mutants, AM formation in the inflorescence is severely suppressed (Komatsu et al., 2001 (Komatsu et al., , 2003 . LAX1 expression is observed along with AM formation throughout the lifetime of a plant. However, LAX1 expression is not detectable at the stage of SAM formation during embryogenesis, suggesting that LAX1 may be involved in a process that is specific to AM formation.
The mutant phenotype of lax1 implies a possible function of LAX1 in the developing AMs; however, LAX1 mRNA is not detected within the newly initiating AM. Accumulation of LAX1 mRNA is restricted within a few layers of cells at the boundary region between the SAM and the initiating AM (Komatsu et al., 2003) . Therefore, it is likely that LAX1 acts in a non-cellautonomous manner, although its molecular mechanism is unknown. There are many genes that show non-cell-autonomous action as LAX1, but the underlying molecular basis has only been elucidated in a few cases. Cell-to-cell communication through protein trafficking is involved in plant morphogenesis, including root cell patterning and shoot organogenesis (Kurata et al., 2005) . In the symplastic intercellular communication, signal molecules, such as maize KNOTTED1 (KN1) and Arabidopsis SHORT ROOT (SHR) proteins, are transported to adjacent cells through plasmodesmata (Nakajima et al., 2001; Kim et al., 2002) . LEAFY (LFY), a transcription factor that activates floral homeotic genes, has also been described as an intercellular movement protein (Sessions et al., 2000; Wu et al., 2003) . There is evidence suggesting that the activity of the protein trafficking machinery is dependent on cell types and developmental stages allowing protein movement in a highly regulated manner . In spite of the progress in our understanding toward the molecular mechanisms controlling protein trafficking, the impact of protein trafficking for its biological function has only been demonstrated in a few studies.
Here, we show that LAX1 function is required for the generation of all types of AMs in both vegetative and reproductive phases. Detailed observation of steps in AM formation indicated a close relationship between AM initiation and leaf development and that plastochron 4 (P4) stage of leaf development is crucial for AM formation. Coincidentally, LAX1 expression starts in the axils of leaves at this stage, and LAX1 protein is trafficked to the AM, which occurs only around the P4 stage. Based on these results, we propose that transient accumulation of LAX1 protein in the AM at P4 stage, which is strictly regulated by mRNA expression and protein trafficking, controls the proliferation of meristematic cells, which is crucial for the full development of AM.
RESULTS

AM Formation in Rice
AMs in grass species develop from the base of the leaf as in most plant species ( Figure 1A) . However, because they emanate from the shoot side, the meristems are connected to the node in transverse sections. Stages of AM development are indicated as stage of subtending leaves determined according to plastchron number (Pi) system (Sharman, 1942; Hill and Load, 1990) . In the axils of leaves at P1 and P2 stages, AMs are not visible, but slight bulging toward the subtending leaf could be observed at P2 stage (Figures 1B and 1C, arrowhead) . At P3 stage, the lateral bulge of cells that would give rise to the AM became clearly distinguishable ( Figure 1D , arrowhead). The number of relatively small and cytoplasmically rich cells increases rapidly between P3 and P4 stages ( Figure 1E ), and formation of the new AM is completed by P5 stage ( Figure 1F ).
To investigate the formation of new AMs in more detail, we performed in situ hybridization analysis using rice homeobox 1 (OSH1) mRNA as a marker ( Figures 1G and 1H ). OSH1 is a rice ortholog of KN1 that is expressed in meristematic cells in the SAM (Sentoku et al., 1999) . At the top of the shoot, OSH1 is uniformly expressed in the SAM ( Figures 1G1 and 1G1e) . At the base of the P1 leaf, OSH1 signal was clearly on the side of the P1 leaf ( Figures 1G2, 1G2e , 1G3, and 1G3e). Strong OSH1 expression was observed in the SAM at the base of the P2 leaf ( Figures  1G5 and 1G5e) . Low, but significant, OSH1 signal was observed in the marginal region of the P1 and P2 leaves where the edge of both sides contact (Figures 1G4, 1G5e, and 1G6e, arrow) . The signal was high underneath the marginal region of the P2 leaf in the lower section (Figure 1G7e , arrow). Accumulation of newly formed small cells is observed in the axil of the P3 leaf; however, OSH1 mRNA expression could barely be detected in this region in spite of the increasing number of cells in the future AMs ( Figures 1G7, 1G7e , 1G8, 1G8e, and 1G9 and arrowheads in 1G7e and 1G8e). Thereafter, OSH1 expression is observed in the axils of the P4 leaves, and the signal was observed in the entire region of the growing AM ( Figures 1G10, 1G11 , 1G12, 1G13, and 1G14). At P5 stage, OSH1 expression is diminished in the incipient leaf primordia and confined to the apical region, suggesting that the new AM has become functional at this stage ( Figures 1G15, 1G16 , and 1G17).
These observations suggest that cell proliferation starts in the axils of the leaves at P2 stage. Cells that give rise to AMs become distinguishable from neighboring cells at P3 stage. However, these cells do not express OSH1, indicating that they are not yet determined as meristem cells. The fate of the cells as meristem is determined between P3 and P4 stages, and OSH1 expression is detected in the entire region of the future meristem.
We have determined expression patterns of genes that are likely involved in regulating AM formation, including LAX1. Accumulation of LAX1 mRNA was first observed in the axils of the P4 leaves, and the localization of LAX1 mRNA was restricted within a boundary region at the adaxial side of the future meristems ( Figure 2A4 ; Komatsu et al., 2003) . LAX1 expression remains in the same boundary region but at a lower level at the P5 stage ( Figure 2A5 ).
Cell division status during AM formation was examined using Histone H4 and CDKB2;1 as markers. Histone H4 and CDKB2;1 are expressed specifically at the S and G2/M phases of the cell cycle, respectively (Reichheld et al., 1998; Umeda et al., 1999) . The two markers showed essentially similar expression patterns in the AM (Figures 2C and 2D ). In the axils of the P1 leaves, the Histone H4 signal was observed within the SAM ( Figure 2C1 ). Despite the fact that future AM cells are barely distinguishable in the axils of the P2 leaves, Histone H4 and CDKB2;1 are not expressed uniformly in these cells. In these cells, Histone H4 and CDKB2;1 expression was localized to the cells adjacent to the future meristem cells but not in the future AM region (Figures 2C2 and 2D2) . This specific expression pattern became more prominent at P3 stage axils (Figures 2C3 and 2D3) . Conversely, expression of Histone H4 or CDKB2;1 was frequently observed in proliferating AM cells in the axils of P4 stage leaves (Figures 2C4 and 2D4) .
Expression of MOC1 and rice CUC3 mRNA appeared to begin in the axils of the P2 leaves ( Figures 2E2 and 2F2 ). On the other hand, rice Ra2 mRNA could only be observed from P3 stage ( Figure 2G3 ). These genes are known to be expressed at the boundaries between organs (Li et al., 2003; Bortiri et al., 2006; Hibara and Nagato, 2006) . We have observed the same expression patterns as previously reported at the boundaries between the shoot and the leaves (Figures 2E3, 2F3, and 2G3) and between the shoot and the bud at P3 and P5 stages (Figures 2E5, 2F5, and 2G5) . However, at P4 stage, all three genes are expressed in the entire region of the developing AMs ( Figures  2E4, 2F4 , and 2G4).
LAX1 Is Required for Axillary Bud Formation in Both Vegetative and Reproductive Phases
Previously, we reported that LAX1 and SPA genes are main regulators of AM formation in rice (Komatsu et al., 2003) . LAX1 was shown to encode a putative transcription factor containing a bHLH domain, but the molecular nature of SPA had not been determined. The SPA locus was mapped to a region between 81 and 96 centimorgans on chromosome 6 where MOC1 resides (Li et al., 2003) . It led us to infer that spa might be an allele of moc1.
We determined the nucleotide sequence of a coding region of MOC1 in the spa mutant and it revealed that spa is a new allele of moc1, containing a point mutation that creates a premature termination codon at position Trp-370 (see Supplemental Figure  1 online). Thus, we have renamed this mutant moc1-3. In the double mutant lax1-1 moc1-3, initiation of tillers and vegetative branch shoots is almost completely suppressed, whereas lax1-1 or moc1-3 single mutants are capable of producing tillers. This implies that LAX1 is required for both inflorescence branching and tiller formation. The fact that LAX1 expression is observed during vegetative phase as well as in the reproductive phase corroborates this conclusion. Indeed, we have observed a reduction of the tiller number in lax1-2, which is a strong allele ( Figures 3A and 3B ).
Because shoot branching is controlled by two distinct steps, the formation of axillary buds and bud outgrowth, we have attempted to determine the step that is impaired in lax1-2 and moc1-3 mutants. In wild-type plants, an axillary bud is formed in the axil of each leaf, and the absence of the axillary bud was often observed in the axils of the leaves in lax1-2 and moc1-3, indicating that the decrease of tiller numbers was a result of a failure in the axillary bud formation rather than bud outgrowth ( Figures 3C to 3F ). We have also examined axillary bud formation in five lax1 alleles. In concordance with the severity of the mutations in the LAX1 sequence and inflorescence phenotypes (Komatsu et al., 2003) , a variable severity of defects was observed in plants homozygous for the five lax1 alleles ( Figure 3G ). No defect was detected in lax1-4, the weakest allele, whereas some axillary buds were missing in the moderate alleles, lax1-1 and lax1-5. Absence of axillary buds was more frequent in lax1-2 and lax1-3, which are complete loss-of-function alleles. Notably, formation of axillary buds in the fourth leaf axil was completely abolished in lax1-2 and lax1-3, and fifth and sixth leaf axils showed a tendency to lose axillary buds. This suggests that loss of LAX1 function exerts differential effect on the formation of axillary buds of different leaves and that the fourth leaf axil appears to be affected the most by the mutation. Suppression of axillary bud formation was also observed in moc1-3 ( Figures 3E  and 3F ), consistent with a previous report (Li et al., 2003) . However, no clear trend of developmental regulation of susceptibility was observed ( Figure 3G ). Taken together, these results show that LAX1 is involved in a general mechanism that regulates the formation of all axillary buds throughout vegetative and reproductive phases. Considering the additive effects observed in the lax1-1 moc1-3 double mutant and the distinct patterns in (A) Longitudinal section of shoot apex stained with safranin-orange G-ferrous tannic acid. The newest leaf is designated as P1, and other leaves are numbered accordingly. (B) to (F) Transverse sections of the shoot in (A). Arrowheads indicate small bulge that will become the AM. (G1) to (G17) Localization of OSH1 mRNA that serves as a marker for meristematic cells. The number indicates the distance from the top of the SAM in micrometers. Panels labeled "e" are close-up views of the region delineated by a rectangle in the previous panel. The SAM region is presented as a red circle in (G1e) to (G3e). Arrows in (G4) and (G5e) indicate the margins of P2 leaf. Arrows in (G6e) and (G7e) indicate OSH1 expression underneath the site where P2 leaf margins overlap. Arrowheads in (G7e) and (G8e) indicate the lateral bulge of cells. (H) A schematic of OSH1 expression in the shoot apex. The region of OSH1 mRNA expression is depicted in red. Bars = 50 mm.
the loss of axillary bud formation, the regulatory pathway in which LAX1 functions is likely to be independent from that of MOC1.
LAX1 Function Is Required to Sustain the Processes of AM Formation
To obtain further insight into the role of LAX1 in the control of AM formation, we investigated defects in lax1-2 using OSH1 and Histone H4 as markers. Although impairments of axillary bud formation in lax1 mutants are milder during vegetative phase compared with that observed in reproductive phase, we found that AM formation was completely blocked in the axils of fourth leaves in plants homozygous for strong alleles, such as lax1-2 and lax1-3 ( Figure 3G ). Therefore, our investigation focused on the development of AMs in the fourth leaf axils and the expression of Histone H4 and OSH1 in the axils of the fourth leaves during their development from P3 to P5 stages. At P3 stage, no differences in the morphology of the plant or expression patterns of the marker genes was observed between the wild type and lax1-2 ( Figures 4A to 4D ). Differences became evident at P4 In situ hybridization analysis of LAX1 and related genes mRNA expression in transverse sections of a developing meristem. Column labels indicate the stage of the leaf surrounding the meristem. (Figures 4E and 4F) . Similarly, OSH1 expression was observed in the entire region of the future AMs in the wild type ( Figure 4G ), whereas the area and the intensity of OSH1 expression was greatly reduced in lax1-2 ( Figure 4H ). At P5 stage, the axillary bud was well established in the wild type, but in lax1-2, Histone H4 and OSH1 expression was no longer observed and the meristematic region has disappeared ( Figures 4I to 4L) . Thus, in spite of the complete loss of LAX1 function in the first step of AM formation, shown by the accumulation of meristematic cells in the axils of leaves, is initiated in lax1-2. However, proliferation of meristematic cells is not sustained, leading to the failure of new AM formation. These results indicate that LAX1 function is required for the continuous development, but not the initiation, of AM formation
LAX1 Protein Is Trafficked to the Cells in Developing AM
Accumulation of LAX1 mRNA was restricted to two to three layers of cells in the boundary region of the adaxial side of new AMs (Komatsu et al., 2003;  Figure 2 ), whereas defects in lax1 are in the developing AMs. This peculiarity suggests that LAX1 acts in a non-cell-autonomous manner to transmit a signal so that cell proliferation continues in the future AM to complete the meristem formation. One possible mechanism underlying this non-cellautonomous function is that LAX1 protein is trafficked from the boundary region to the future AM cells. To test this hypothesis, we produced transgenic rice plants expressing green fluorescent protein (GFP):LAX1 fusion protein under the control of the LAX1 promoter. Localization of the GFP:LAX1 mRNA was determined to be identical to that of endogenous LAX1 mRNA ( Figure 5A ), indicating that the LAX1 regulatory region used was sufficient to confer the correct expression pattern.
In contrast with the boundary-specific accumulation of GFP: LAX1 mRNA, GFP fluorescence was detected in the AM cells when a small bulge began to appear ( Figure 5B, arrowhead) . On the other hand, GFP signal was restricted to the boundary region of the adaxial side of the developing AMs at early stage of AM formation when cell proliferation begins and at the late stage when axillary bud formation was completed ( Figure 5B, arrows) . This suggests that GFP:LAX1 protein accumulation in the meristem is developmentally regulated. In addition to this stagespecific regulation, the intercellular trafficking of LAX1 protein is also directionally regulated. In our analysis, we did not observe expansion of GFP signal toward the stem and SAM. Similar stage-and direction-specific LAX1 trafficking was also observed in AM formation during vegetative phase ( Figures 5C to 5F ). GFP fluorescence was observed in the entire region of the developing AM in the axils of leaves at P4 stage ( Figures 5C and 5D ) but restricted to boundary region of adaxial side of new AM at P5 stage ( Figures 5E and 5F ). Only weak GFP florescence was detected in the stem (Figures 5D and 5F ), which correlates well with the weak expression of LAX1 mRNA in this region ( Figures  2A4 2A5) . Taking these results together, we propose that LAX1 protein is trafficked from the boundary region to the developing AMs in a developmental stage-dependent manner.
To confirm that the moving molecules are LAX1 protein and not LAX1 mRNA, we produced transgenic rice plants harboring a 3xGFP:LAX1 fusion gene under the control of the same LAX1 promoter as described above. It was anticipated that intercellular movement of the fusion protein might be inhibited due to the large size of the fusion protein and that the chimeric protein may remain where it is translated . Indeed, in contrast with the location of 1xGFP:LAX fusion protein, which was detected in the AM, 3xGFP:LAX fusion protein was localized in the boundary region of the developing inflorescence ( Figures 5G  and 5H ). Based on these observations, we concluded that the LAX1 protein is synthesized in the boundary region and is trafficked to the initiating AMs. In summary, trafficking of LAX1 protein exhibits three characteristics: first, the LAX1 protein moves in a unidirectional manner toward the AM cells; second, trafficking of LAX1 is developmentally regulated so that LAX1 protein movement occurs only when the cells in the AM are proliferating; third, LAX1 protein trafficking occurs during both vegetative and reproductive phases.
Trafficking of LAX1 Protein Is Necessary for Its Function
To investigate whether the intercellular movement of LAX1 protein is a prerequisite for its function, the 3xGFP:LAX1 chimera gene was introduced into lax1-3, the null mutant allele. In the lax1-3 inflorescence, generation of AMs that give rise to lateral spikelets is completely suppressed, while their subtending bracts are normally formed. Taking advantage of this characteristic, we evaluated the complementation of lax1-3 phenotype as the rate of bracts containing lateral spikelets. Lateral spikelet formation is completely suppressed in the lax1-3. We used 12 and 16 transgenic lines harboring 1xGFP:LAX1 and 3xGFP: LAX1, respectively. All 12 independent 1xGFP:LAX1 plants showed almost full complementation of the lax1-3 mutation. On the other hand, the degree of the complementation varied from very low to full complementation among 16 independent transgenic plants containing 3xGFP:LAX1 (Figures 6A to 6C ). These results indicate that trafficking of LAX1 protein is required for its full function.
To investigate if the 3xGFP:LAX1 fusion protein prevents LAX1 from functioning, we have used pINDEX two-component inducible system (Ouwerkerk et al., 2001 ) to produce a transgene encoding 3xGFP:LAX1 fusions that are inducible by dexamethasone treatment. We previously reported that rice DOF works downstream of LAX1 and its transcription is upregulated upon the induction of LAX1 expression . Introduction of pGFP:LAX1-INDEX and p3xGFP:LAX1-INDEX into lax1-3 calli resulted in a similar level of DOF upregulation upon dexamethasone treatment (see Supplemental Figure 2 online), indicating that the molecular function of LAX1 protein as a transcription factor was not affected by fusion with 3xGFP protein. This data corroborates the conclusion that the failure of full complementation of lax1-3 phenotype was due to the lack of movement of the 3xGFP:LAX1 fusion protein.
DISCUSSION AM Formation in Rice
Two possible theories have been proposed for the formation of AM: (1) that it is generated by de novo occurrence of new meristematic cells or (2) that it results from the detachment of existing meristem cells in the SAM (Steeves and Sussex, 1989) . Recent studies using molecular markers have shown that, in Arabidopsis, AM formation is initiated from a small number of meristem cells that are derived from the SAM and remain in the center of the leaf axil, supporting the detached-meristem theory (Long and Barton, 2000; Greb et al., 2003) . However, the data presented in this study suggest that AM formation may take place in a different way in rice. In the case of rice, cell proliferation for the future AM occurs in the axils of leaves at around P2 stage. However, judging from the expression of OSH1, a marker widely used for the indeterminate cells, these cells are not yet meristematic even at P3 stage. Subsequently, all or most cells in the cluster acquired meristematic fate by P4 stage. Therefore, we did not detect cells expressing OSH1 in the leaf axil until P4 stage, which is in favor of de novo AM synthesis theory. Moreover, it seemed that the proliferation of cells to form a future AM started prior to the onset of OSH1 expression. This also supports the notion that rice AM is not generated as a result of proliferation from a small number of meristematic cells, rather, of an acquisition of indeterminate cell fate by existing cells. We cannot rule out the possibility that a few cells weakly expressing OSH1 are preserved and are responsible for AM initiation. If this is the case, rapid propagation of the meristematic cells as well as the enhancement of OSH1 expression level should be postulated to explain the OSH1 signal in the axils of the leaves at P4 stage. Another possible explanation may be that OSH1 is not a plausible marker for the early stage of meristem formation and an earlier marker could show the presence of meristem cells in the axils of P1 to P3 leaves. However, we consider this unlikely because OSH1 is generally used as an early marker for SAM formation in embryogenesis (Sentoku et al., 1999) . Furthermore, even if this is the case, an abrupt onset of OSH1 expression in the entire region of the future AM at P4 stage indicates that a substantial change of cell fate occurs from P3 to P4 stage.
The differences in the mechanism of AM formation may reflect the anatomical divergence of AM origination among species. In grass species, leaves develop to enclose the SAM and the AM in the n-th leaf axil initiates immediately below the site where leaf margins of n+1-th leaf fuse ( Figure 1H ). Thus, AM formation in rice is closely related with leaf differentiation. Analysis of AM initiation in the context of interaction with leaf development may be needed for further understanding of AM formation in grass species. Absence of LAX1/ba1 genes in eudicots is an additional strong indication of a grass-specific mechanisms controlling AM formation.
LAX1 Functions throughout Development
We propose that formation of rice tiller buds could serve as a model for the analysis of the AM formation process because the progression of each step is relatively slow and constant, and it interconnects well with the development of its subtending leaf.
In rice, three different lateral branches, tillers, panicle branches, and spikelets, are produced. Here, we showed that LAX1 function is required for AM formation throughout the lifetime of rice, and the formation of all three types of branches are affected in lax1 mutants, which correlates with the fact that LAX1 is expressed in all AMs. The ba1 gene, maize LAX1 ortholog, is also required for the formation of AMs in both vegetative and reproductive phases (Ritter et al., 2002; Gallavotti et al., 2004) . Therefore, LAX1 appears to be involved in a common regulatory machinery that is essential for AM formation. However, even in the complete loss-of-function mutants, such as lax1-2, in which an entire region of the LAX1 locus is deleted from the genome (Komatsu et al., 2003) , some AMs are still generated normally and grow as branches. This suggests that other factors are also required and may work with LAX1 redundantly to support the formation of AMs. The phenotype of the lax1 moc1 double mutant is more sever than either single mutant, and AM formation is completely abolished. In addition, developmental regulation of these genes appears to be different. We propose that MOC1, a rice ortholog of LAS/LS, works independently from LAX1 for the regulation of AM formation. Functions of the recently identified regulators of AM formation, RAX and CUC genes, are yet to be determined in rice Keller et al., 2006; Mü ller et al., 2006; Raman et al., 2008) . 
Molecular Basis of Non-Cell-Autonomous Function of LAX1
We showed that LAX1 is one of the non-cell-autonomous proteins (NCAPs). To date, many plant NCAPs have been described (Haywood et al., 2002; Kim, 2005) . There are at least two modes of protein trafficking between cells (i.e., targeted trafficking or nontargeted diffusion) (Kim, 2005; Kurata et al., 2005) . Targeted trafficking involves specific interactions between signal motifs in NCAPs and plasmodesmatal components, accompanied by plasmodesmata size exclusion limit (SEL) increase. KN1, SHR, and viral movement proteins are known NCAPs that move between cells using targeted trafficking (Carrington et al., 1996; Nakajima et al., 2001; Kim et al., 2002) . By contrast, nontargeted trafficking is diffusion based and depends upon the endogenous plasmodesmata SEL. LFY and GFP are examples of this type of NCAP. We infer that LAX1 is also trafficked via a nontargeted mechanism because the molecular weight of LAX1 protein (23 kD) is similar to that of GFP (27 kD) and smaller than that of LFY (47 kD). Moreover, suppression of intercellular movement of LAX1 by adding three molecules of GFP to make 3xGFP:LAX1 fusion protein (104 kD) supported this assumption. The dependence of intercellular movement on molecular size is one of the prominent characteristics of nontargeted movement . It has been reported that the trafficking ability of NCAPs by diffusion correlates with cytosolic localization Wu et al., 2003) . We showed that a significant portion of LAX1 protein was present in the cytoplasm, in addition to its predominant localization in the nucleus (see Supplemental Figure 3 online). However, it is still unclear whether a signal sequence, which is required for targeted movement, exists in the LAX1 protein.
We demonstrated that the trafficking of LAX1 protein is stage specific. The SEL of plasmodesmata changes temporally and spatially to allow the passage of macromolecules . In general, young tissues have greater symplastic connectivity via plasmodesmata than differentiated tissues, thereby allowing more frequent cell-to-cell communication (Gisel et al., 1999) . Taking this into consideration, we infer that intercellular movement of LAX1 protein might occur only when the cell division activity is high in the AM at around P4 stage. Once the axillary bud is established, movement of LAX1 may be blocked due to the reduction of the SEL. In addition to the stage specificity of trafficking, LAX1 protein moves only from boundary region toward the AM, but never toward the SAM. A possible explanation for this unidirectional movement is a symplasmic isolation mechanism, where plasmodesmata are closed or restricted at a boundary region (Heinlein, 2002; Ding et al., 2003) . We postulate that the AM is symplasmically isolated from the SAM; thus, LAX1 protein cannot move across the boundary region, but only toward the AM. 
Two-Step Control of Spatial and Temporal Distribution of LAX1 Activity and Its Implication in Its Function
We have revealed a two-step regulation of spatial and temporal distribution of LAX1 activity, which is essential for its full function. LAX1 mRNA is specifically expressed in the boundary region between the initiating AM and the SAM; subsequently, LAX1 protein is trafficked toward the AM. Therefore, spatial distribution of LAX1 protein is regulated by two steps: cell type-specific mRNA expression and protein trafficking (Figure 7) . Moreover, temporal activity of LAX1 is also controlled by a similar two-step regulation. LAX1 mRNA is expressed from P4 to later stages, while the LAX1 protein movement is restricted to P4 stage. In this way, stage-and cell type-specific LAX1 mRNA expression is further refined by stage-and direction-specific LAX1 protein movement. What could be the functional implication of this type of two-step regulation? Considering that LAX1 protein is targeted to the site where meristematic cells multiply at P4 stage and when cells in the future AM proliferate actively, it is highly possible that the strict control of LAX1 protein is a prerequisite for the strict control of meristematic cell proliferation in the future AM. In concordance, constitutive expression of LAX1 seriously perturbed normal development of rice (Komatsu et al., 2003) .
However, in possible contradiction with our model, partial rescue of the lax1-3 phenotype by 3xGFP:LAX1, which is expected to not move, was observed. As shown in Figure 6 , the degree of complementation varied in 3xGFP:LAX1 lines, and only a few lines showed significant levels of complementation. This is in marked contrast with the results that all 1xGFP:LAX1 plants showed almost complete rescue of the lax1 phenotype. The difference between 3xGFP:LAX1 and 1xGFP:LAX1 in their ability to complement lax1 phenotype appears to be related to the location of the LAX1 proteins. We showed that, in spite of LAX1 trafficking toward the growing AM primordia, some LAX1 proteins remain in the boundary, the site of LAX1 protein synthesis. Thus, trafficking of LAX1 results in the expansion of the region where LAX1 proteins are present but does not lead to the complete delocalization of LAX1. We infer that the partial complementation conferred by 3xGFP:LAX1 indicates the functionality of the remaining LAX1 at the site of synthesis. The difference in the degree of complementation between 1xGFP:LAX1 and 3xGFP:LAX1 raises the possibility that LAX1 in the boundary and in the AM operates differently for the establishment of AM. Apparently, LAX1 proteins that moved to the AM have a greater effect than those remaining in the boundary. Determination of LAX1's functionality in different locations would require the elucidation of the molecular mechanisms by which LAX1 operates. LAX1 encodes a noncanonical bHLH transcription factor, which is predicted not to bind DNA. Therefore, trafficked LAX1 protein probably interacts with its partner protein(s) to regulate downstream targets. It will be of great interest to isolate the partner of LAX1 as well as downstream target gene(s).
Control of AM Formation by Auxin
In the mutants of the ba1 gene, an ortholog of LAX1, AM formation is severely suppressed, while subtending bracts are produced normally (Ritter et al., 2002; Gallavotti et al., 2004) . Treatment with N-1-naphtylphthalamic acid, an inhibitor of auxin transport, abolished bracts in the ba1 mutant, implying that auxin transport is required for bract formation in the maize inflorescence (Gallavotti et al., 2008b) . When wild-type maize plants were treated with N-1-naphtylphthalamic acid, generation of AMs as well as bract formation was severely suppressed Gallavotti et al., 2008b) . Therefore, it is likely that auxin transport is required for bract formation, which, in turn, becomes a prerequisite for AM initiation. Concordantly, mutation in bif2 and spi1, carrying defects in the control of auxin transport and biosynthesis, respectively, exhibited the barren inflorescence that lacks both bracts and AM (McSteen and Hake 2001; McSteen et al., 2007; Gallavotti et al., 2008a) .
Auxin maxima that are generated at the site of AM initiation in the wild-type inflorescence were not observed in ba1 (Gallavotti LAX1 mRNA is specifically expressed in the boundary region when the subtending leaf is at P4 and P5 stages. At P4 stage, LAX1 protein synthesized in the boundary region moves toward the future AM and enhances cell proliferation. In the absence of LAX1 function, the cell proliferation does not take place. As a consequence, the AM is not established. LAX1 mRNA accumulation is shown in blue, and the LAX1 protein distribution is shown in green. et al., 2008) . Considering that auxin transport is required for organ initiation (Reinhardt et al., 2003) and bracts are formed normally in the ba1 inflorescence, auxin transport machinery is not impaired in the ba1. Therefore, the absence of auxin maxima in the ba1 inflorescence might be a secondary effect of the failure in AM formation. An alternative explanation is that auxin maxima are established for bract (leaf) initiation and AM formation independently, and ba1/LAX1 controls auxin transport specifically at the site of AM initiation.
Recently, physical interaction between BA1 and BIF2 was demonstrated (Skirpan et al., 2008) . Bif2 is a coortholog of Arabidopsis PINOID that controls auxin transport . Considering the distinct mutant phenotypes of bif2 and ba1, suppression of bract initiation in bif2, and AM formation in ba1, this finding was surprising and its functional relevance should be tested. However, if this is the case, an interesting scenario emerges: rice PID, a bif2 ortholog in rice that is expressed in the AM (Morita and Kyozuka, 2007) , could be one of the candidates that works with LAX1 in the growing AM and that plays a role in sustaining meristem cell proliferation.
METHODS
Plant Material and Growth Conditions
The lax1 mutant alleles and spa/moc1-3 mutant have been described (Komatsu et al., 2003) . For measurement of axillary buds, the seeds of lax1 mutants and their wild type were grown in the glasshouse under natural light conditions.
Construction of Vector and Rice Transformation
Construction of vectors is described in the Supplemental Methods online. Rice (Oryza sativa) transformation was performed as described by Hiei et al. (1994) .
Histological Analysis
For histological analysis, shoot apices were fixed with FAA (5% formalin, 5% acetic acid, 45% ethanol, and 45% water) and embedded in PARA-PLAST PLUS (McCormick). Transverse and longitudinal sections of 12-mm thickness were stained as follows: 2% zinc chloride solution for 1 min, 0.004% safranin and 0.1% ethanol solution for 5 min, 2% orange G and 5%,tannic acid solution for 1 min, 5% tannic acid for 5 min, rinsed with water, and finally 1% ferric ammonium alum solution for 2 min.
In Situ Hybridization
In situ hybridization was performed as described by Kouchi et al. (1995) . Antisense digoxigenin (DIG)-labeled LAX1, OSH1, and Histone H4 probes were generated as described previously (Itoh et al., 1998; Komatsu et al., 2003) . Partial cDNAs of MOC1 and rice CUC3 were PCR amplified using following primer sets: for MOC1, 59-GATGATGTCCTGTCAAGGAAG-39 and 59-GCAGTAGTGATCGATCGATCA-39; and for Os CUC3, 59-TGC-CGCCGGGGTTCAGGTT-39 and 59-TCATGCGCCCCTGGGCACT-39. These PCR fragments were cloned into pGEM-T Easy and linearized with appropriate restriction enzymes. To make antisense probes, in vitro transcription was performed using the linearized plasmids as templates, incorporating DIG-UTP. An antisense probe for rice Ra2 was prepared using full-length cDNAs as a template.
Analysis of GFP Fluorescence under Confocal Microscopy
Hygromycin-selected T1 generation of transgenic plants were grown in a growth chamber. Shoot apices were cut by hand and mounted in 50 mg/ mL FM 4-64 (Invitrogen) aqueous solution to stain plasma membrane. Confocal images were obtained using an FV1000 confocal laser scanning microscope (Olympus).
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL/ DDBJ databases under the following accession numbers: AB115668 (LAX1), D16507 (OSH1), AY242058 (MOC1), AK059682 (rice CDKB2;1), AK105527 (rice Ra2), and NM_001068747 (rice CUC3).
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